Nervous system development is instructed both by genetic programs and activity-dependent 25 refinement of gene expression and connectivity. How these mechanisms are integrated remains 26 poorly understood. Here, we report that the regulated release of insulin-like peptides (ILPs) 27 during development of the C. elegans nervous system accomplishes such an integration. We 28 find that the p38 MAP kinase PMK-3, which is required for the differentiation of chemosensory 29 BAG neurons, functions by limiting expression of an autocrine ILP signal that represses a 30 chemosensory-neuron fate. ILPs are released from BAGs in an activity-dependent manner 31 during embryonic development, and regulate neurodifferentiation through a non-canonical 32 insulin receptor signaling pathway. The differentiation of a specialized neuron-type is, therefore, 33 coordinately regulated by a genetic program that controls ILP expression and by neural activity, 34 which regulates ILP release. Autocrine signals of this kind may have general and conserved 35 functions as integrators of deterministic genetic programs with activity-dependent mechanisms 36 during neurodevelopment. 37 38 2017). How these two different mechanisms -one specified and the other activity-dependent -47 are integrated during nervous system development remains poorly understood. 48
Introduction 39
The nervous system comprises many neuron-types, each endowed with a unique 40 physiology, connectivity and molecular profile. Diversity in neuronal form and function is required 41 for the assembly of neural circuits that support complex brain functions and behaviors. 42
Understanding how this diversity is generated during development remains a major question in 43 neuroscience. A remarkable feature of nervous system development is that genetically encoded 44 developmental programs cooperate with neural activity dependent processes to promote the 45 differentiation of specific neuron-types and instruct neuronal connectivity (Wamsley and Fishell 46 6 Because pmk-3 mutants exhibited a stronger CO2 avoidance defect than flp-17 mutants, 115
we sought to determine whether PMK-3 regulates other aspects of BAG-neuron physiology or 116 structure. We first tested whether pmk-3 mutant BAG cells exhibit sensory transduction defects 117 using in vivo calcium imaging to measure their calcium responses to CO2 stimuli (Brandt et al. 118 2012) . pmk-3 mutant BAG cells responded to strong CO2 stimuli, but their responses were 119 significantly smaller than those of the wild type ( Figure 1C-D, Figure S1 ). When wild-type and 120 pmk-3 mutant cell responses were scaled to unity, we observed no difference between the 121 dynamics of the calcium responses, indicating that the kinetics of cell activation was not altered 122 by pmk-3 mutation (Figure S1 ). 123
We next tested whether pmk-3 mutant BAG cells form proper synapses using GFP-124
Reconstitution across Synaptic Partners (GRASP) (Feinberg et al. 2008) to label a subset of 125 7 regulates expression of a BAG neuron fate was unknown. To address this question, we 138 performed a genetic screen for suppressors of the flp-17 expression defects of pmk-3 mutants. 139
From two screens that covered approximately 25,000 mutagenized haploid genomes, we 140 recovered 18 mutants in which BAG neuron expression of flp-17 was restored to pmk-3 mutants 141 (Figure 2A-B) . Five of these mutants defined a major complementation group, and we decided 142 to further characterize the affected gene. These suppressor mutations strongly restored the 143 penetrance of flp-17 reporter expression in pmk-3 mutant BAG cells ( Figure 2C) , and also 144 significantly restored the levels of reporter expression ( Figure S3) . We asked whether the 145 suppressor mutations also affected another PMK-3 regulated gene. Expression of gcy-33, which 146 encodes a guanyly cyclase required for sensing hypoxia (Zimmer et al. 2009 ) and is regulated 147 by PMK-3 in BAG (Brandt and Ringstad 2015) , was not restored in suppressed pmk-3 mutants 148 ( Figure S4) . Therefore the suppressor gene defined by this complementation group has strong 149 effects on flp-17 expression, but does not completely restore the pmk-3 phenotype to wild-type. 150
Using high-resolution Single Nucleotide Polymorphism (SNP) mapping and whole-151 genome sequencing we identified the suppressor gene as unc-31 (Figure 2D) , which encodes 152 the C. elegans homolog of Calcium-dependent Activator Protein for Secretion (CAPS) . 153 UNC-31/CAPS is a neuron-specific factor required for docking and priming of dense core 154 vesicles (DCVs), which mediate the regulated release of neuropeptides, hormones and growth 155 factors (Speese et al. 2007 ; Zhou et al. 2007 ). Because of the known function of unc-31, we 156 hypothesized that Ca 2+ -dependent secretion plays a role in BAG neuron development. We 157 tested whether mutations that affect other critical factors for neural secretion (Figure 2E) also 158 suppress pmk-3. Mutation of either UNC-13 or UNC-18, which like UNC-31 are required for 159 docking and priming of synaptic and dense core vesicles (Richmond 1999; Weimer et al. 2003) , 160 8 strongly restored the frequency of flp-17 expression to pmk-3 mutants ( Figure 2F ). We also 161 tested a partial loss-of-function allele of the syntaxin homolog, UNC-64 (Saifee 1998), and 162 observed partial restoration of flp-17 expression to pmk-3 mutant BAG neurons ( Figure 2F) . 163
Because DCV exocytosis is triggered by elevated Ca 2+ that enters cells through voltage-164 gated calcium channels (VGCCs), we next tested whether mutation of VGCC subunits 165 suppresses the gene expression defect of pmk-3 mutants. Mutation of the L-type VGCC alpha-1 166 subunit, egl-19 (Lee 1997), did not restore flp-17 expression to pmk-3 mutants (Figure 2G) . By 167 contrast, mutations in the NPQ-type VGCC alpha-1 subunit, unc-2 (Schafer 1995) , did suppress 168 pmk-3 and significantly restored flp-17 expression ( Figure 2G, Figure S5B ). The VGCC alpha-169 2-delta subunit UNC-36 is a part of both L-and NPQ-type channels (Lee 1997) . Partial loss of 170 UNC-36 function did not affect the frequency with which pmk-3 mutants expressed flp-17 but did 171 cause an increase in the expression levels of flp-17 when it was expressed in pmk-3 mutants 172 ( Figure S5 ). Together, these data show that Ca 2+ -dependent secretion and neural activity 173 antagonize PMK-3 dependent neuropeptide expression in BAG neurons. 174 175
Neural activity during development regulates neuropeptide gene expression in BAG 176

neurons. 177
pmk-3 functions cell-autonomously and during a critical period of embryonic development 178 to promote expression of flp-17 in BAG neurons (Brandt and Ringstad 2015) . We tested whether 179 neural activity and regulated secretion also act cell-autonomously in BAG neurons during the 180 same critical period. To dampen BAG activity, we used the BAG-neuron-specific and PMK-3-181 independent gcy-9 promoter (Smith et al. 2013; Brandt and Ringstad 2015) to overexpress the 182 inward rectifying potassium (K + ) channel IRK-1 (Emtage et al. 2012 ). IRK-1 expression in BAGs 183 9 restored flp-17 expression to pmk-3 mutants ( Figure 3A) . In parallel, we performed BAG-184 targeted knockdown of unc-31 using RNAi. Knock-down of unc-31 in BAGs alone restored flp-185 17 expression to pmk-3 mutant BAG neurons ( Figure 3B) . We compared the effects of BAG-186 targeted IRK-1 expression or unc-31 knock-down to the effects of disrupting neural activity and 187 regulated secretion in all neurons using a pan-neuronal promoter. BAG-targeted inhibition of 188 regulated secretion or neural activity suppressed pmk-3 as strongly as the corresponding pan-189 neuronal manipulations (Figure 3A,B) . These data strongly suggest that neural activity and 190 UNC-31 function cell autonomously in BAGs to regulate flp-17 expression. 191
We next tested when neural activity is required to exert its effect on flp-17 expression. 192
We expressed irk-1 under the control of a heat-shock-inducible promoter in pmk-3 mutants. 193
Animals were heat-shocked as embryos, larvae, or adults to transiently induce irk-1 expression 194 and reduce neural activity ( Figure 3C) , and were then scored for flp-17 expression as adults. 195
The transgene for inducible expression of IRK-1 conferred some suppression in the absence of 196 heat shock, suggesting that it supports some basal expression of IRK-1 ( Figure 3D) . However, 197 heat-shock of embryos restored flp-17 expression to pmk-3 mutants above this baseline (Figure 198 
pmk-3 mutation dysregulates expression of insulin-like genes in BAG neurons. 204
Why might mutations in unc-31 and other genes required for regulated secretion of 205 peptides suppress the effects of pmk-3 mutation? We hypothesized that in pmk-3 mutants a 206 12 suppress pmk-3; loss-of-function mutations in daf-2, age-1, and akt-1, each strongly restored 253 flp-17 expression to pmk-3 mutants ( Figure 5E ). We observed no effect, however, of akt-2 254 mutation on the pmk-3 phenotype (Figure 5E ). We next determined where the DAF-2 InR was 255 required for its role in the BAG neurons development. We tested the hypothesis that ILPs are 256 part of an autocrine signal, and performed BAG neuron-targeted knockdown of daf-2 using RNAi. phenomenon to independently test the hypothesis that pmk-3 mutation causes BAG neurons to 266 experience increased autocrine ILP signaling. We generated transgenic animals that express a 267 DAF-16::GFP fusion in BAG neurons, and we measured the ratio of nuclear DAF-16 to 268 cytoplasmic DAF-16 as an index of InR signaling in BAGs. This ratio varied among wild-type 269 BAG neurons, some of which showed little nuclear DAF-16::GFP fluorescence and others with 270 nuclear fluorescence that was comparable to that in the cytoplasm (Figure 6A, 
left, middle). 271
While pmk-3 mutant BAG neurons also displayed a range of nuclear-to-cytoplasmic DAF- We next tested whether the DAF-16/FOXO transcription factor, which is a canonical 284 effector of InR signaling, is required for ILPs to regulate flp-17 expression. Because the daf-16 285 locus is tightly linked to the flp-17 reporter that we use to assay the pmk-3 mutant phenotype, 286
we used CRISPR/Cas9 to generate a new daf-16 deletion allele in a strain carrying the flp-17 287 reporter ( Figure S7 ). We did not observe an effect of daf-16 mutation on the frequency of 288 animals that express flp-17, but we did note that these mutants express flp-17 at lower levels 289 compared to the wild-type ( Figure S7) . Notably, knock-down of daf-2 by RNAi still restored 290 expression of flp-17 to pmk-3 mutant BAG cells in the absence of daf-16 ( Figure 5F ), indicating 291 that DAF-2 regulates flp-17 expression in the absence of DAF-16. Mutating another transcription 292 factor that functions in the DAF-2 signaling pathway -the Nrf-like transcription factor SKN-1 293 (Tullet et al. 2008) -did not affect the penetrance or levels of flp-17 expression ( Figure S7) . 294
Together, these data indicate that DAF-2 regulates gene expression in BAG neurons through a 295 mechanism independent from its canonical effector DAF-16. Although we could not rule out a 296 role for SKN-1 in this pathway, the absence of any effect of skn-1 mutation on flp-17 expression 297
suggests that this factor does not function in BAG neuron development. 298 14 299
Attenuating autocrine insulin signaling restores function to pmk-3 mutant BAG neurons. 300
Mutation of PMK-3 dysregulates expression of ILP genes in BAG neurons, but also affects 301 expression of many other genes (Figure 4A) . To what extent is BAG neuron function affected 302 by increased production of ILPs? To address this question we tested whether disrupting 303 autocrine insulin signaling in BAGs restores CO2 avoidance behavior to pmk-3 mutants, which 304 overexpress ILPs. We again used the dominant negative DAF-28(sa191) variant to disrupt 305 insulin production in BAG neurons of pmk-3 mutants, this time testing for effects of knocking 306 down ILP production on behavior. We found that the chromosomal daf-28(sa191) mutation 307 significantly restored CO2 avoidance behavior to pmk-3 mutants ( Figure 7A) . Overexpressing 308 DAF-28(sa191) in pmk-3 mutant BAG cells also suppressed the CO2 avoidance defect of pmk-309 3 mutants (Figure 7B) , indicating that ILP production by BAGs is required for the effects of pmk-310 3 mutation on behavior. Next, we asked whether disrupting daf-2 function in BAGs could also 311 restore behavior to pmk-3 mutants. BAG-neuron-specific daf-2 RNAi did not affect CO2 312 avoidance by wild-type worms (Figure 7C) , but significantly restored CO2 avoidance to pmk-3 313 mutants ( Figure 7C ). Together these data show that the functional defects caused by loss of 314 PMK-3, which are associated with widespread changes in gene regulation, can be rescued by 315 targeting the ILP signaling pathway in BAG neurons. 316 317
Discussion 318
We have found that the p38 MAP kinase PMK-3 controls development of C. elegans 319 chemosensory BAG neurons through an unexpected mechanism: the regulation of an activity-320 dependent autocrine insulin signal (Figure 7D) . This insulin signal is regulated at the level of 321 gene transcription. pmk-3 mutant sensory neurons overexpress transcripts encoding insulin-like 322 peptides (ILPs). As a consequence, their BAG cells experience elevated DAF-2/Insulin Receptor 323 (InR) signaling, which antagonizes expression of a neuropeptide gene essential for their 324 function. We further show that the neuronal defects caused by loss of PMK-3 and concomitant 325 increases in ILP production are abolished in mutants with defects in activity-dependent neuronal 326 secretion. The autocrine insulin signal that controls expression of a chemosensory neuronal fate 327 is, therefore, controlled both by a cell-intrinsic PMK-3-dependent genetic mechanism and by 328 neural activity, which controls secretion of ILPs. This mechanism neatly integrates neural activity 329 with a developmental program of gene expression to regulate a neuronal cell fate. 330
Remarkably, although ILP genes represent only a fraction of the genes that are 331 dysregulated by loss of PMK-3 we found that it is possible to restore BAG-neuron function to 332 pmk-3 mutants by only manipulating insulin signaling in BAG cells. Because of the central role 333
for ILP signaling in the etiology of the pmk-3 mutant phenotype and because this mechanism 334 converges on regulation of genes with defined roles in neuron-function, it will be of great interest 335 C. elegans express a large number of ILPs, many in the nervous system. Insulin-like 387 receptor and its associated signaling factors are also expressed throughout the C. elegans 388 nervous system, as is PMK-3, which we show regulates ILP gene expression. It is, therefore, 389 likely that the ILP-dependent mechanism that we have found in developing chemosensory 390 neurons, also functions to regulate the differentiation of other neuron-types in C. elegans. 391 Furthermore, the molecular constituents of ILP signaling pathways are conserved between 392 nematodes and vertebrates. We suggest, therefore, that autocrine ILP signals might play similar 393 roles in the regulation of neuronal cell fates during development of the vertebrate nervous 394 system. 395
396
Materials and Methods 397
Strains 398
All strains used in this study were cultivated under standard conditions (Brenner 1974 ) Animals were mounted on 2% agarose pads made in M9 medium and immobilized with 30 mM 412 sodium azide (NaN3). Fluorescence and differential interference contrast (DIC) micrographs 413 were acquired with a Zeiss Axioimager M2 upright microscope equipped with an EM-CCD 414 camera (Andor) using a 100x objective (1.4 N.A.). Z-stacks were obtained with an LSM700 laser-415 scanning confocal microscope (Zeiss) using a 40x objective (1.4 N.A.). Maximum projections of 416 image stacks were generated with Fiji (Schindelin et al. 2012) . 417 418 CO2 avoidance assays 419 CO2 avoidance assays were performed as previously described (Brandt and Ringstad 2015) . 420
Briefly, a total of 40-50 adult hermaphrodites were confined to a custom-made chamber on an 421 unseeded 10-cm NGM plate fitted with inlets of air and 10% CO2. Gas mixes were pushed into 422 the chamber at 1.5 mL/min using a syringe pump (New Era, Inc.). After 35 minutes, an avoidance 
Quantification of GRASP puncta 430
The number and size of GRASP puncta were quantified using Fiji (Schindelin et al. 2012 ). Z-431 stacks of the BAG synaptic zone were thresholded and subjected to particle analysis, which 432 automatically drew Region of Interests (ROIs) around puncta whose fluorescence intensity was 433 above background. The number of puncta was defined as the number of particles found in the 434 synaptic zone, and the area of each particle was measured to determine the size of the GRASP 435 puncta. Each particle was manually inspected to confirm that it contained one GRASP puncta; 436 20 if a particle encompassed multiple puncta -separate ROIs were manually drawn around the 437 individual puncta. Heat shock experiments 472 pmk-3(ok169) mutant animals carrying a Phsp16.41::irk-1 transgene were shifted twice to 37°C for 473 a half hour, with a one hour recovery at 20°C in between. After heat shock, animals resumed 474 growth at 20°C. Heat-shocked embryos and larvae were assayed for gene expression when they 475 reached adulthood, while adults were assayed 24 hours after heat shock. 476 477
Cell culture and FACS Sorting for RNA-Seq 478
Embryonic cell cultures were prepared from wild-type and pmk-3(wz31) mutant animals 479 expressing the BAG-specific and pmk-3 independent marker wzIs113[Pgcy-9::GFP], as previously 480 described (Christensen 2002; Zhang 2002) . In brief, embryos were isolated from synchronized 481 populations of hypochlorite treated hermaphrodites, and dissociated into single cells by chitinase 482 treatment. Cells were resuspended in L-15 medium supplemented with 10% FBS (Sigma) and 483 antibiotics, and passed through a 5 µm syringe filter (Millipore). Cells were plated onto poly-D-484 lysine coated single-well chambered cover glasses (Lab-Tek II) and incubated overnight at 25°C. 485 GFP-labeled BAG neurons were isolated approximately 24 hours after dissociation using 486
Fluorescence Activated Cell Sorting (FACS); sorted cells were confirmed to be >90% GFP 487 positive by direct inspection on a fluorescent microscope. Non-fluorescent, 'non-BAG', cells were 488 also collected. Dead cells were marked with propidium-iodide and excluded from sorted cells. 489
Sorting was performed on a FACSAria Ilu SORP cell sorter using a 70 µm nozzle. Cells were 490 sorted directly into RNA Extraction Buffer (10,000 cells/100 µL buffer), and RNA was purified 491 using the Arcturus PicoPure RNA Isolation Kit (Thermo Fisher). RNA integrity and concentration 492 were evaluated using an Agilent Bioanalyzer. RNA samples had an RNA Integrity score of at 493 least 8, indicating that all samples were of high quality. Two biological replicates were prepared 494 from each cell type. age-1(hx546); pmk-3(ok169), pmk-3(ok169); akt-1(ok525), and pmk-3(ok169); akt-2(ok393) 631 mutant animals. For the pmk-3 versus daf-2; pmk-3 and pmk-3 versus age-1; pmk-3 632 comparisons, P = 0.0016 and P < 0.0001, respectively, unpaired t-test. For the pmk-3 versus 633 pmk-3; akt-1 and pmk-3 versus pmk-3; akt-2 comparisons, P < 0.0001 and P = 0.9524, 634 respectively, ordinary one-way ANOVA followed by Dunnet's multiple comparisons test. 
